It is doubtful that the glyoxylate bypass plays a significant role in the accumulation of fumaric acid by fungi, as has been postulated. In high glucose media, which favor fumarate production, isocitrate lyase (threo-D8 isocitrate glyoxylate lyase), which is the key enzyme of the glyoxylate bypass, is strongly repressed. The specific activity of this enzyme remains low as long as glucose is present in the medium, even though fumarate formation proceeds at a high level. In addition, the activity of isocitrate lyase is inhibited by phosphoenolpyruvate, which would be formed from glucose. Alternatively, evidence is presented that bulk accumulation of fumaric acid under aerobic conditions in high glucose media takes place through a C3 plus C1 carbon dioxide fixation. CO2 fixation was measured by the direct incorporation of NaHC'403 into fumaric acid, and by demonstrating that the specific radioactivity of fumaric acid formed from uniformly labeled C(4-glucose was decreased in the presence of nonradioactive carbonate. The extent of decrease in specific radioactivity is in accord with a C3 plus Cl C02 fixation mechanism.
The accumulation of fumaric acid during the aerobic growth of certain strains of Rhizopus species in media of high glucose concentration has been known for a long time. The factors determining fumarate accumulation were clearly established by Foster and Waksman (8, 9) in 1939, and their work has formed the basis of all subsequent studies in this field. These workers pointed out the importance of a high carbon-tonitrogen ratio and the need for high aeration and a neutralizing agent. They emphasized that glucose was converted to fumarate in quantity only after the available nitrogen supply was exhausted and the carbon needs for cell synthesis were met. A striking effect of zinc ion was noted. Addition of this metal resulted in increased cell synthesis, a more efficient utilization of glucose, and a corresponding decrease in fumarate yield.
However, in spite of this rather clear understanding of environmental factors influencing fumarate accumulation, a completely satisfactory explanation of the metabolic pathway involved has never been advanced. On the basis of isotopic labeling patterns obtained when labeled ethyl alcohol was converted to fumarate by preformed mycelium, Foster et al. (5) Olander (14) .
Enzyme preparation and assay. Cells were harvested by filtration, washed with distilled water, and suspended in 0.05 M phosphate buffer (pH 7.0) to make a thick slurry. This slurry was agitated for 2 min with glass beads (0.2 mm in diameter) in an ice-jacketed Waring Blendor according to the method of Lamanna and Mallette (11) . The ruptured-cell suspension was then centrifuged at 14,500 X g for 30 min at 4 C; the supernatant fluid was used as the enzyme preparation. Isocitrate lyase assays were carried out at 28 C in a Gilford Recording Spectrophotometer equipped with thermospacers according to the method of Olson (15) , whereby the formation of glyoxylate from isocitrate was followed by measuring the rate o formation of glyoxylic semicarbazone at 252 mu. Protein content of the enzyme preparation was determined by the method of Lowry et al. (12) , and specific activity is expressed as micromoles of glyoxylate formed per hour per milligram of protein.
Isotope experiments. Uniformiy labeled C14-glucose and NaHC'403 used in the carbon dioxide fixation experiments were obtained from Nuclear-Chicago Corp., Des Plaines, Ill. Isotopic fumaric acid formed was isolated as follows: 50 ml of culture filtrate was acidified with 2 ml of 12 N HCI and extracted with 50 ml of ether; the ether extract was evaporated to dryness at room temperature; the residue was dissolved in a minimal amount of boiling water, and the fumaric acid was allowed to crystallize on cooling. The Relationship between isocitrate lyase activity and fumarate formation. If the glyoxylate bypass played a significant role in the formation of fumarate, it would be expected that isocitrate lyase, the key enzyme in this pathway, would be present at a high level during active fumarate formation, and that synthesis of the enzyme would precede fumarate accumulation. Therefore, the temporal relationship between glucose utilization, isocitrate lyase formation, and fumarate production was followed carefully, both in the presence and absence of added zinc.
The results obtained in cultures without added zinc are shown in Fig. 1 . Fumarate accumulation began after 30 hr and continued to rise through the course of the experiment, eventually reaching a concentration near 20 mg/ml. Glucose was not completely used up during the incubation period, and, as a result, isocitrate lyase specific activity remained at a low repressed level. This activity is much too low to account for the bulk formation of fumarate. Thus, a good yield of fumarate was obtained, even though isocitrate lyase remained at a low level.
The results obtained in cultures with added zinc are shown in Fig. 2 . Glucose utilization was much more rapid, and it was exhausted at 44 hr. Fumarate appeared at 24 hr, and then was utilized after the glucose was exhausted. Isocitrate lyase began to be synthesized only when glucose was depleted and after the peak of fumarate formation had been reached, and rose to a high level only when both glucose and fumarate had disappeared. Thus, again, fumarate formation took place before isocitrate lyase synthesis. In this latter procedure, 2.5 ,uc of uniformly labeled C'4-glucose was added to each culture before inoculation to adjust the specific activity of glucose to 1 m,Ac/mg of glucose. Excess nonradioactive calcium carbonate was present during the incubation. If fumarate was formed exclusively by the glyoxylate bypass, the specific activity of the product should be the same as that of the glucose supplied. If, however, CO2 was fixed, the specific activity of the fumarate formed should be less than that of glucose supplied because of the incorporation of nonradioactive carbon.
Moreover, if one of the foui carbons of fumarate arose from CO2, the specific activity in terms of counts per minute per milligram of carbon should be reduced by 25%, and the ratio of specific activity of fumarate to specific activity of glucose should be 0.75. The results of such experiments are shown in Table 2 . It is clear that there was a reduction in specific activity, and the degree of reduction is close to the theoretical value. A CO2 fixation mechanism is thus clearly indicated. a Counted with gas-flow detector with 20% counting efficiency.
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DIscussIoN
The data presented here would appear to rule out the glyoxylate bypass as a significant pathway in the bulk accumulation of fumaric acid in media of high sugar concentration. The repressive effect of glucose and the inhibitory effect of phosphoenolpyruvate would preclude extensive operation of the glyoxylate cycle under these conditions. Alternatively, a C3 plus C, carbon dioxide fixation mechanism is clearly indicated. The importance of CO2 fixation in molds has long been recognized (6) , and Foster and Davis showed that CO2 was fixed into fumaric acid (7). However, this pathway was considered to be of importance only under anaerobic conditions. The view was favored that, under aerobic conditions, glucose was first metabolized to CQ fragments, and then two C2 fragments condensed to form a C4 dicarboxylic acid which was converted to fumarate (5) . It should be pointed out that the experiments leading to this conclusion were carried out with preformed mycelium to which was added ethyl alcohol in the absence of glucose. Under these conditions, the glyoxylate bypass could be operative, since glucose repression would not be manifest, and it has been shown that high levels of isocitrate lyase are induced in R. nigricans by ethyl alcohol in replacement cultures (W. S. Wegener and A. H. Romano, Bacteriol. Proc., p. 182, 1961). The significance of the glyoxylate bypass under conditions where a C2 compound is the sole carbon source is well established. The situation is quite different, however, in media of high glucose concentration.
During active growth in glucose media under aerobic conditions, CO2 fixation probably plays an important role as a replenishment mechanism by regenerating C4 tricarboxylic acid cycle intermediates that are drawn off for biosynthesis. When the C to N ratio is high and growth has proceeded to the point that nitrogen becomes limiting, metabolism of glucose and CO2 fixation would continue, but removal of tricarboxylic acid cycle intermediates for biosynthesis would be curtailed, thus leading to accumulation of C4 acids. This represents our current hypothesis on the mechanism of fumarate accumulation.
A large number of CO2 fixation reactions have 
